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INTRODUCTION
Plastic deformation is known to result in grain
refinement in metals. Depending on the level of dis
persity and the degree of misorientation of structural
elements, plastic deformation methods can be divided
into the following three groups. The first group
includes traditional deformation methods (rolling,
extrusion, forging, drawing), which lead to a decrease
in the cross section of the billet. These methods can
form micron grains (in which misoriented cells play
the role of grain boundaries) in the temperature range
of warm plastic deformation [1, 2]. Depending on the
deformation conditions, the cell size can vary over
wide limits (from several microns to 0.2 μm) [1, 2].
The second group consists of the methods of bulk
severe plastic deformation (SPD) [3–5] that provide
the formation of submicron (120–200 nm) grains with
highangle deformationinduced boundaries. These
methods are represented by, e.g., equalchannel angu
lar pressing (ECAP), twist extrusion, and multiple
forging. ECAP is the most widely used SPD method.
During ECAP and twist extrusion, bulk samples are
mainly deformed by shear without a change in their
cross sections, which allows multiple deformation and
the accumulation of a high strain. It is the possibility of
achieving a high strain that represents the main advan
tage of ECAP and twist extrusion over the deformation
methods from the first group. The third group includes
SPD methods that provide the formation of nan
ograins (less than 100 nm) with highangle bound
aries. These are highpressure torsion and surface
SPD methods [6] (ball milling [7], shot peening [8],
highspeed friction, drilling, turning [6]). In these
methods, nanograins are thought to be formed by SPD
in combination with dynamic recrystallization.
Surface severe plastic deformation by friction
(SPDF) can be one of the promising methods of a
highenergy mechanical action for producing fine
grained materials [9]. A practical application of this
treatment is retarded by insufficient data on the corre
lations between evolution and processing parameters.
The purpose of this work is to study the formation
of finegrained structures (including a nanostructure)
on the iron surface during SPDF and to determine the
general laws of the formation of a nanocrystalline
structure during SPD using the data obtained.
EXPERIMENTAL
We studied cylindrical samples 8 mm in diameter
and 50 mm in height made of armco iron with less than
0.03 wt % C. They were annealed in a vacuum furnace
at 1273 K for 3 h to remove the stresses induced by
mechanical treatment and to form a homogeneous
structure with a grain size of 80–100 μm. The
annealed samples were subjected to SPDF.
During SPDF, the samples were heated to a certain
temperature due to the energy of friction between con
tacting surfaces, namely, a sample rotating at a speed
of 6000 rpm and VK8 hard alloy plates (counterbody)
pressed against it (Fig. 1) [9, 10]. Periodic repetitive
contacts between the cylindrical sample surface and
the counterbody led to SPD (compression with shear)
of the surface layers in the sample. The treatment was
performed in an argon atmosphere at a temperature of
773 K (controlled with a chromel–alumel thermocou
ple) for 1 h. These treatment temperature and time
were chosen experimentally as optimal parameters for
the most efficient grain refinement in armco iron. It
should be noted that the decrease in the sample diam
eter during friction was insignificant, less than 0.1 μm.
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The structure and phase composition of the sam
ples after SPDF were examined by optical microscopy
(OM) on a Neophot21 microscope at a resolution of
0.4 μm, Xray diffraction on a DRON4.13 diffracto
meter (20 kV, 10 mA) using characteristic iron radia
tion, scanning electron microscopy, and transmission
electron microscopy (TEM).
During structural studies with a JEMCX (125 kV)
electron microscope, we took brightfield and dark
field images and electron diffraction patterns. The
grain size in the surface nanostructured layer was
determined as the average grain size in a darkfield
image. The misorientation distribution of grain
boundaries was studied on an FZJIWV 2004 scanning
electron microscope (BSE detector) using electron
backscatter diffraction (EBSD) and an orientation
image system [11].
Average coherent domain size (CDS) d and appar
ent dislocation density ρ were determined at various
distances from the SPDFtreated surface using layer
bylayer Xray diffraction analysis. We removed sur
face layers by electrochemical etching and measured
the intrinsic broadening of diffraction lines using the
twomaximum approximation in terms of the proce
dure described in [12–15].
EXPERIMENTAL RESULTS
Four different regions can be distinguished (as a
function of the structuralelement size) in the cross
section of the frictiondeformed surface layer of iron
after SPDF (Fig. 2a). In the regions next to the surface
(regions 1, 2), grain boundaries cannot be revealed by
OM. The high etchability of these regions is caused by
significant dispersity of their structure and can be used
as a method for revealing submicro and nanocrystals
in their volume. Fine equiaxed grains in the treatment
zone can be revealed by OM only at a certain distance
from the surface (region 3). As the distance from the
surface increases, the grain size increases from 1 to
5 μm. Region 4 adjacent to the undeformed matrix
consists of fine elongated grain fragments located at an
angle to the cylindrical surface and having a crosssec
tional size of 3–5 μm, which increases with the dis
tance from the surface. This region has a pronounced
morphological texture.
TEM examination demonstrates that a cellular
substructure forms in the elongated tilted grains adja
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Fig. 1. Schematic presentation of the setup for severe
plastic deformation by friction (SPDF): (1) chamber,
(2) gas supply and pressure control system, (3) gas removal
system, (4) sample rotation system, and (5) counterbody
(two hardalloy plates pressed against the sample surface).
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Fig. 2. Structure of armco iron after SPDF. (a) Microstructure in an optical microscope with the following regions: (1) nanostruc
ture, (2) submicron grains, (3) microcrystalline structure with equiaxed grains, (4) microcrystalline structure with a morpholog
ical texture, and (5) undeformed matrix. (b–e) Electronmicroscopic brightfield images and the electron diffraction patterns of
the regions in the refined layer indicated by arrows. (f) Darkfield image taken with the (110)
α
 reflection.
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cent to the undeformed matrix during SPDF (Fig. 2b).
The cell size decreases from 1 μm in the elongated
grains to 0.2–0.4 μm in the equiaxed grains. Their
shape also changes from a lamellar (Fig. 2b) to an
equiaxed (Fig. 2c) shape as the surface is approached.
With TEM, we were able to study the structure of the
surface layers that is unresolved by OM, has high etch
ability, and consists of submicro and nanograins
(Figs. 2d–2f). The electron diffraction patterns taken
from areas of about 0.5 μm in foils have numerous
pointlike reflections uniformly distributed along dif
fraction rings (Fig. 2e). Such electron diffraction pat
terns are typical for many finegrained and misorien
tated structures produced by SPD methods and indi
cate the formation of grain structures with highangle
boundaries [1, 3, 16–18]. All reflections in the elec
tron diffraction patterns belong to bcc iron, and no
other phases were detected.
The results of electronmicroscopic studies of the
samples subjected to SPDF (Figs. 2e, 2f; brightfield
and darkfield images) demonstrate that the average
grain size in the surface layer is about 20 nm.
The formation of a grain structure during SPDF is
supported by EBSD studies (Fig. 3). The misorienta
tion distribution of crystal boundaries found by EBSD
using the orientation image system shows that they are
predominantly highangle boundaries (Figs. 3b, 3c).
The Xray diffraction patterns of the initial coarse
grained samples and the samples subjected to SPDF
are characterized by the same set of diffraction lines of
α iron (Fig. 4). A comparison of the Xray diffraction
patterns of the initial coarsegrained samples and the
samples subjected to SPDF indicates a significant
broadening and decreasing the intensity of the diffrac
tion lines after SPDF as compared to the initial
coarsegrained state, which is characteristic of the
Xray diffraction patterns of nanostructured materials
[3, 6, 8, 12, 16]. The broadening of diffraction lines
related to a decrease in the grain and subgrain size
becomes noticeable at a size less than 150 nm [12, 13].
On the other hand, SPDF should result in the defor
mation broadening of diffraction lines associated with
breaks in the lattice periodicity, i.e., with lattice
defects. Thus, the changes in the Xray diffraction pat
tern are caused by a decrease in the grain size and an
increase in the dislocation density during friction
induced surface deformation.
Table 1 and Fig. 5 present the coherent domain size
and the apparent dislocation density in the surface lay
ers of armco iron after SPDF that were estimated from
the physical broadening of the diffraction lines. These
estimates are averaged over a thickness of 2–3 μm with
allowance for the FeK
α
 radiation wavelength and the
halfintensity thickness layer in iron. An analysis of the
intrinsic broadening shows that the CDS at the surface
is ≈13 nm (which agrees with a grain size of 20 nm)
and the apparent dislocation density is 8.9 × 1015 m–2.
These estimates of CDS and apparent dislocation
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Fig. 3. (a) EBSD image of the structure of iron subjected to SPDF and (b, c) misorientation angle distribution of grain boundaries
(GBs): (1, 2, 3) nanostructural, submicrostructural, and microcrystalline regions of the treated layer, respectively.
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density ρ correspond to similar data obtained for an
iron powder subjected to ball milling [19] and for the
surface of an iron plate subjected to shot peening [8].
These results demonstrate that the finegrained
SPDF layers are characterized by a structural gradient,
which manifests itself in a decrease in the structural
element size from a micro to submicro and nanolev
els and in an increase in the dislocation density from
1011 m–2 in the undeformed matrix to almost 1016 m–2
at the surface (see Fig. 5). Obviously, this structural
gradient appears due to a gradient in the strain and the
strain rate across a sample from its surface to the unde
formed matrix.
The grain refinement process of structure induced
by plastic deformation and the limit of deformation
induced grain size d* depend on the chemical compo
sition of the material, the temperature, the strain, and
the strain rate. Since SPDF occurs at a constant tem
perature, it is obvious that the strain rate and strain are
the main controlling factors.
The strain in the surface layer after SPDF (Fig. 5)
was determined from the structural signs of deforma
tion using the following two approaches: misorienta
tion angle α was used to calculate shear strain γ = tanα
[20] in the region with a morphological texture
(Fig. 2a, region 4), and the dislocation density was
used to estimate true strain e in all structural regions
using the relationship ρ = 1.87 × 1015ε0.6, which was
obtained in [19] for α iron subjected to ball milling.
For region 4 with a morphological texture (see
Fig. 2a), the values of true strain e calculated from the
dislocation density agree well with the values of e cal
culated from shear strain γ with allowance for the
Mises criterion (see Fig. 5). However, the true strain
can be determined from the tilt of grains only in the
layer with a morphological texture. Therefore, true
strain e in nano, submicro and microcrystalline
areas where a morphological texture cannot be metal
lographically revealed were only estimated from the
dislocation density. As follows from this estimation,
the true strain at the surface, where the dislocation
density is 8.9 × 1015 m–2, is e = 13.5 (Fig. 5). Our
results indicate that a true strain e ≥ 10 during SPDF is
required to refine the grain structure of iron to nan
ograins (≤100 nm).
When researchers calculate the strain rate, they
usually take conventional (ε) rather than true (e)
strain, e = ln(1 + ε). In our experiments, a nanostruc
ture formed on the sample surface in 5 min (Fig. 6).
Therefore, the maximum strain rate is estimated to be
ε = εmax/300 = 2.4 × 10
3 s–1.
DISCUSSION OF RESULTS
In the works dealing with metal forming, promi
nence is given to the effect of the deformation temper
ature on the structure and mechanical properties of
the metal at the same strain. In metal forming, the
temperature ranges of hot, warm, and cold deforma
tion are usually distinguished [21, 22–24].
To study the specific features of plastic deformation
in various temperature ranges, it is convenient to use
bcc metals, which have no polymorphic modifications
and phase transformations over the entire temperature
range under study (e.g., chromium, molybdenum).
BCC metals exhibit all three temperature ranges of
deformation, whereas a colddeformation range is
absent in fcc metals and the mechanism of warm
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Fig. 4. Xray diffraction patterns of the surface layer of
armco iron in the initial coarsegrained state and after
SPDF.
Table 1.  Depth profiles of the CDS and the apparent dislocation density in the surface layer of armco iron after SPD by friction in argon
Parameter
Distance from the surface, μm
Undeformed 
matrix
0 10 20 30 40 50 60
CDS d, μm 13 23 37 70 112 146 – –
Dislocation density ρ, m–2 8.9 × 1015 7.5 × 1015 6.5 × 1015 4.5 × 1015 2.5 × 1015 8.5 × 1014 5 × 1014 1011
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deformation is observed in them (using structural
signs) even at cryogenic temperatures [23].
The specific features of the structures that form in
these temperature ranges of deformation are character
ized by the data in Table 2, where characteristic defor
mation temperature T* (the temperature below which
the Peierls–Nabarro stress becomes substantial and
yield strength σy increases sharply [1, 2, 23]) and recrys
tallization temperature Tr are used. These temperatures
serve as natural boundaries to distinguish the tempera
ture ranges of cold, warm, and hot deformation.
Hot deformation is performed above the recrystal
lization temperature of the metal, which ensures the
formation of an equiaxed grain structure with a low
dislocation density, a low level of internal stresses, and
a high plasticity. Hot deformation is often used for pri
mary metal forming of an ascast metal.
During warm and cold deformation, recrystalliza
tion does not develop; after these types of deforma
tion, grains become extended along the deformation
direction and change their shape similarly to the
change in the sample shape, according to the Taylor–
Polanyi principle [25]. The dislocation structures
forming above and below T* are substantially differ
ent. Cold deformation (T < T*) is characterized by a
chaotic dislocation distribution inside grains (Table 2);
polygonization is almost absent; strain hardening
takes a long time; and the plasticity to failure is very
low. Fracture usually has a brittle character.
During warm deformation (T* < T < Tr), disloca
tion subgrains form with the participation of both
translational and rotational deformation modes
[2, 25–28]; once certain critical strain ec is achieved, a
cellular dislocation substructure forms. The misorien
tation of dislocation cells increases substantially with
the strain [1, 27]. At a certain misorientation of neigh
boring cells θc, subgrains becomes nontransparent for
glide dislocations; that is, they begin to play the role of
grain boundaries. According to the estimates in [1],
θc ≈ 4° for refractory bcc metals and θc depends on the
type of boundary. Thus, the formation of a dislocation
substructure can lead to the formation of an ultrafine
grained material with a cell size equal to effective grain
size deff ≈ 1 μm or even a submicron grain size. An
equiaxed cellular structure forms only in the upper
part of the temperature range of warm deformation,
i.e., at T > 0.8Tr (see Table 2). At lower temperatures,
dislocation cells are elongated in the deformation
direction, which facilitates the development of inter
granular cracks.
An analysis of the results obtained upon ECAP
[3, 4] and twist extrusion [5] demonstrates that a fine
grained structure in these cases is produced exactly in
the warm deformation range: as a result of high cumu
lative strains, the grain size can be decreased to 150–
120 nm. Since grains (fragments) are formed during
deformation, significant internal stresses can be
retained in their boundaries. The maximum plasticity
during warm deformation is achieved at a nearrecrys
tallization temperature T > 0.95Tr [29]. At this tem
perature, dynamic recovery develops substantially; in
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particular, this process is responsible for the formation
of equiaxed cells, which play the role of grain bound
aries at a significant misorientation. The necessity of
treatment in the upper part of the warm deformation
range in order to form equiaxed grains (cells) with a
sufficient plasticity as a result of dynamic recovery is
likely to make it impossible to further decrease the
grain size in this temperature range.
During hot deformation, recrystallization can pro
ceed in the course of metal forming (dynamic recrys
tallization) and when a material is heated between
reductions (static recrystallization). Dynamic recrys
tallization is characteristic of large single reductions,
e.g., for deformation by extrusion. Static recrystalliza
tion is observed in, e.g., hot rolling with a small reduc
tion and intermediate heating. Dynamic recrystalliza
tion is preferable, since it results in finer grains in a
material as compared to static recrystallization and a
high plasticity during hot deformation.
The technique of fine grain formation via dynamic
recrystallization was developed in the 1970s. This pro
cess was applied to produce micrograins (1–5 μm in
size) in steels [21, 30]. The physical theory of grain
refinement during dynamic recrystallization [31, 32] is
based on the Zener–Hollomon parameter Z =
exp(Q/RT), where  is the strain rate, T is the defor
mation temperature, Q is the activation energy of
grainboundary migration (254 kJ/mol, which is close
to the selfdiffusion activation energy of iron atoms),
and R is the gas constant (8.31 J/(mol K)). The strain
rate characterizes the defect accumulation rate, and
the temperature and activation energy characterize the
rate of property recovery.
ε· ε·
According to [31, 32], grain size d during dynamic
recrystallization is determined from the semiempirical
relationship
d [μm] = kZ–m, (1)
where d is the grain size (μm) and Z is the Zener–Hol
lomon parameter (which takes into account the joint
effect of the temperature and strain rate).
As follows from Eq. (1), the formation of fine grains
requires an increase in parameter Z, which is achieved
by an increase in strain rate  An increase in  leads to
a decrease in the dynamic recrystallization temperature
and, hence, in the deformation temperature.
The authors of works studying grain refinement
during SPD noted an important role of dynamic
recrystallization. For example, the authors of [32]
studied the evolution of the microstructure of a low
carbon steel with 0.0014% C, 0.3% Si, and 0.2% Mn
subjected to severe plastic deformation by compres
sion at the dynamic recrystallization temperature and
showed that an increase in the strain rate from 10 to
30 s–1 or a decrease in the temperature from 1123 to
923 K led to a decrease in the grain size from 3.82
to 1.48 μm. The grain size was found to change
according to the relationship d = 300Z–0.16. The
authors of [31] studied a steel with 0.15% C, 0.4% Si,
and 1.5% Mn subjected to deformation by compres
sion at temperatures of 773, 823, and 973 K and strain
rates of 0.01, 0.1, 1, and 10 s–1 and to twostage rolling
at 1023–933 K (ten passes) and 823 K (873, 773 K)
(21 passes) at  = 0.1–10 s–1 and found that the grain
size was independent of the degree and method of
deformation and was depended on the strain rate and
temperature according to the relationship d = 102.07Z–0.16
ε· . ε·
ε·
Table 2.  Schematic diagram for the formation of a grain structure and a dislocation substructure in bcc metals in various temperature
ranges during plastic deformation
Hot deformation
Warm deformation Cold deformationquasistatic
recrystallization dynamic recrystallization
T > Tr
Equiaxed grains with a 
low dislocation density
ρ < 1010–1012 m–2
T = Tdr under deformation 
conditions
Equiaxed fine grains 
d = kZ–m in size, a nanoc
rystalline structure can form
T* < T < Tr
Nonequiaxed grains, cellular dislocation structure
T < T*
Nonequiaxed grain 
structure, chaotic dis
locations
ρ > 1013–1014 m–2
0.8Tr < T < Tr
Dynamic recovery
T* < T < 0.8Tr
Equiaxed cells,
submicron grains
Nonequiaxed cells
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(k = 102.07, m = 0.16). The minimum grain size was
0.5–0.7 μm.
The authors of [6, 7, 19] used highenergy surface
SPD to produce nanograins, and they thought that
such a structure was formed upon dynamic recrystalli
zation. However, those authors did not study the func
tion d = f(Z).
Our experimental results allowed us to study the
d = f(Z) dependence when nanograins form during
SPD of iron. Nanograins can be formed during SPDF
at a strain rate  = 2.4 × 103 s–1 at the sample sur
face, a deformation temperature T = 773 K, and a
Zener–Hollomon parameter Z = 3.6 × 1020 s–1.
The reported activation energies for iron and steel
are substantially different. In this work, we used Q =
254 kJ/mol from [31]. However, the value of Q does
not affect parameter m in Eq. (1), since our results
were obtained at T = const and a variable value of
strain rate 
Figure 7 shows the d = f(Z) dependence in logarith
mic coordinates for armco iron under our experimen
tal conditions. This dependence is seen to be linear, as
follows from Eq. (1), with m = 0.43 and k = 1.48 × 107.
Upon dynamic recrystallization, dislocation density ρ
in different grains is substantially different [33]. In some
(asrecrystallized) grains, it is low, whereas it is high in
other (before recrystallization) grains. Therefore, the
term “apparent” dislocation density is used.
Equation (1) does not take into account the neces
sity of reaching a high strain for nanograin formation.
Based on our results, we assume that the required
strain should be ten or more. According to our results
and the data in [6–8, 19], this strain should be multi
directional. Deformation by compression with shear
meets these requirements.
Thus, our results indicate that nanograins can be
formed by SPDF in the temperature range of hot
deformation via dynamic recrystallization at very high
strain rates,  > 102 s–1. Moreover, the maintenance of
a constant deformation temperature T = const (as in
the case of the SPDF of armco iron) is a necessary
condition. It is now unclear whether such deformation
conditions can be achieved during bulk SPD, such as
ECAP or twist extrusion. During twist extrusion [5],
sharp deformation localization takes place at the sur
face and, then, in deeper layers because of a nonuni
form stress distribution in the cross section of a sam
ple. As a result, a local temperature in the sample
increases in an uncontrolled manner. Moreover, the
strain rates used for ECAP or twist extrusion are lower
than those considered in this work and required for the
formation of a nanostructure during SPDF.
At high strain rates  > 102 s–1), dynamic recrys
tallization temperature Tdr decreases significantly and
only weakly exceeds the static recrystallization tem
perature. A low value of Tdr is an important condition
ε· max
ε· .
ε·
ε·(
for the formation of nanograins via dynamic recrystal
lization at high strain rates  > 102 s–1).
During friction, a structure forms as a result of a
pulsed application of mechanical energy (mechanical
impact), which rapidly transforms into the internal
energy of the body and heat. The conditions of grain
refinement in the surface layer of iron during SPDF
demonstrate that, at a constant temperature, the grain
size depends on the strain and strain rate: it decreases
as these parameters increase. The strain and strain rate
in a thin nearsurface layer are much higher than in
deeper layers. As these parameters increase, dynamic
recrystallization temperature Tdr decreases and can
coincide with the SPDF temperature. This is
explained by the fact that, as the strain increases, the
dislocation density increases and the energy accumu
lated during deformation also increases; that is, the
thermodynamic stimulus of recrystallization
increases. At a larger distance from the surface, the
thermodynamic stimulus of recrystallization decreases
due to a sharp decrease in the strain and the strain rate.
As a result, the dynamic recrystallization temperature
increases (Tdr > TSPDF), and the sample temperature
(773 K) is too low for recrystallization. In this case,
grain fragmentation occurs via a deformation mecha
nism and is accompanied by dynamic recovery in the
temperature range of warm deformation. This behav
ior is supported by subsequent annealing at 873 K: new
grains form in the region with a morphological tex
ture, and no noticeable changes are observed in the
regions with nano, submicro and micrograins having
formed at the dynamic recrystallization temperature.
Thus, our studies demonstrate that different mecha
nisms take place in the structure formation in different
regions of the frictionrefined layer.
CONCLUSIONS
(1) Surface severe plastic deformation by friction
(SPDF) is an efficient grainrefinement method to
form nanograins in iron. The layers subjected to grain
ε·(
1
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d 
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Fig. 7. Grain size d vs. Zener–Hollomon parameter Z.
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refinement by friction during SPD are characterized
by a structural gradient, which manifests itself in a
decrease in the structuralelement sizes from a micro
to submicro and nanolevels and in an increase in the
average dislocation density from 1011 m–2 in the unde
formed matrix to almost 1016 m–2 at the surface.
(2) The following conditions must be met to pro
duce a nanocrystalline state in bcc iron during SPDF:
deformation multidirectional (in particular, compres
sion with shear) and treatment in the temperature
range of hot deformation to provide dynamic recrys
tallization at a high strain rate  > 102 s–1). A high
strain rate (e ≈ 10) is likely to be necessary as well.
(3) The grain refinement in iron during friction
proceeds via grain fragmentation, which is accompa
nied by dynamic recrystallization in the regions adja
cent to the treated surface (where the strain and the
strain rate are maximal). At a larger distance from the
surface, the strain and the strain rate decrease, and the
structure of this part of the surface layer (elongated
tilted elements of a grain structure) forms during
deformation fragmentation accompanied by dynamic
recovery according to the mechanism typical of the
temperature range of warm deformation.
(4) Our results are thought to be useful for both
studying the conditions of nanostructure formation in
surface layers (as in the case of this work) and develop
ing optimum bulk SPD conditions to produce nano
structures.
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